Retroviral vectors are the most commonly used gene delivery vehicles in human gene transfer trials (50). Permanent modifications of a targeted cell's genotype by the integration of a retroviral vector and the consistent production of retroviral vectors from permanent packaging cells (5, 32) offer significant advantages over other gene delivery vectors. After infection of target cells, retroviral single-stranded RNA genome is converted into double-stranded DNA (proviral DNA) by retroviral reverse transcriptase (RT). The proviral DNA is permanently integrated into the cellular chromosomes as a provirus and then replicates as part of the host genome. The proviral DNA is then transmitted from one generation to the next if the virus is integrated into a germ line cell. The deletion of a provirus from its integration site is observed in only approximately 1 of 10 6 cells (53, 59). A major biosafety concern with retroviral vectors is replication-competent retrovirus (RCR) outbreak (1). RCR has been correlated with the occurrence of T-cell lymphomas in monkeys that had received RCR-contaminated bone marrow cell transplants (7, 58). Vector and helper virus rearrangement caused by abnormal template switches during the reverse transcription process has been considered the major cause of RCR formation (46, 58) . Without Env-receptor interference, cocultivation of vector producer cells (VPC) with different host ranges, such as ecotropic and amphotropic VPC, can cause RCR formation in 3 to 10 days depending on the number of recombination events necessary. The driving force for these recombination events is RT enzyme activity imported by the vector infection from other VPC (38).
Retroviral vectors are the most commonly used gene delivery vehicles in human gene transfer trials (50) . Permanent modifications of a targeted cell's genotype by the integration of a retroviral vector and the consistent production of retroviral vectors from permanent packaging cells (5, 32) offer significant advantages over other gene delivery vectors. After infection of target cells, retroviral single-stranded RNA genome is converted into double-stranded DNA (proviral DNA) by retroviral reverse transcriptase (RT). The proviral DNA is permanently integrated into the cellular chromosomes as a provirus and then replicates as part of the host genome. The proviral DNA is then transmitted from one generation to the next if the virus is integrated into a germ line cell. The deletion of a provirus from its integration site is observed in only approximately 1 of 10 6 cells (53, 59) . A major biosafety concern with retroviral vectors is replication-competent retrovirus (RCR) outbreak (1) . RCR has been correlated with the occurrence of T-cell lymphomas in monkeys that had received RCR-contaminated bone marrow cell transplants (7, 58) . Vector and helper virus rearrangement caused by abnormal template switches during the reverse transcription process has been considered the major cause of RCR formation (46, 58) . Without Env-receptor interference, cocultivation of vector producer cells (VPC) with different host ranges, such as ecotropic and amphotropic VPC, can cause RCR formation in 3 to 10 days depending on the number of recombination events necessary. The driving force for these recombination events is RT enzyme activity imported by the vector infection from other VPC (38) .
During the vector assembly process, viral Env protein produced by the helper virus is transported to the cell membrane, where it binds the cellular receptor used for virus entry (31, 54, 60) . This Env-receptor interference has been considered an efficient barrier to the superinfection of vectors. The transduction efficiency of amphotropic vector on amphotropic PA317 packaging cells is reduced by 6 orders of magnitude, because of the amphotropic Env-receptor interference mechanism, from the transduction efficiency of the same vector on NIH 3T3 cells (33) . However, Env-receptor interference is not a complete block to superinfection. Most retroviral packaging cells currently used in gene transfer studies are based on either murine cells (i.e., NIH 3T3 cells in GPϩE86 [29] and PA317 [32] ) or human cells (i.e., 293T cells in BOSC [47] ) and express virus receptors. Thus, these packaging cells can still be infected by the vector they produce, albeit at low frequency (33, 36) . These vector reentry events may lead to RCR formation.
Suicide gene therapy against cancer cells by the combination of HSVtk and ganciclovir is a well-developed approach in human gene therapy trials (37, 43) . We previously established murine LTKOSN.2 VPC to transfer the HSVtk gene by transducing an LTKOSN vector from GPϩE86 to PA317 cells and demonstrated effective suicide gene therapy against breast cancer cells in vitro (27) , colon carcinoma in vitro and in vivo (41) , and human ovarian adenocarcinoma xenografts in vivo (28) .
We have previously found an HSVtk deletion mutant vector in addition to the original LTKOSN vector in the same VPC ( Fig.  1) (62) . In the current study of LTKOSN.2 VPC and derivative subclones, we observed significant genetic instability of several types, including increased copies of both vectors, a deleted provirus integration site, and a complete loss of vector production. To understand the mechanisms involved in these observations, we analyzed the DNA methylation status and the gene expression of vectors and helper virus. We demonstrated that transcriptional inactivation occurred in helper virus but not vectors. Significant DNA methylation of the helper virus 5Ј long terminal repeat (LTR) region was observed in VPC subclones that lacked helper virus gene expression. These same VPC subclones also had a loss of vector production and high vector copy number. A superinfection experiment demonstrated that these subclones are very susceptible to the reentry of vector, compared to the other subclones. These findings suggest that DNA methylation may lead to VPC genome instability by reducing Env-receptor interference and permitting high levels of vector reentry.
MATERIALS AND METHODS

Generation of LTKOSN.2 VPC and derived subclones.
The construction of pLTKOSN and LTKOSN.2 VPC has been previously described (28 (Fig. 1A) . Ecotropic packaging cell line GPϩE86 (29), a generous gift from Arthur Bank, Columbia University, New York, N.Y., was transiently transfected with pLTKOSN. Supernatants from these GPϩE86 cells were used to transduce the amphotropic retroviral packaging line PA317 (32) , kindly provided by A. Dusty Miller. Forty different VPC clones were isolated, and the LTKOSN.2 VPC produced the highest titer, 1.6 ϫ 10 6 CFU/ml (28) . The subclones of LTKOSN.2 in this study were obtained by limiting dilution of LTKOSN.2 VPC onto two 96-well plates and examined by light microscopy to ensure that only single-cell subclones were further analyzed. Six single-cell clones (1 to 5 and 10) were identified and expanded for further study.
Cell culture and drug treatment. Cell cultures were maintained in Dulbecco's modified Eagle medium (DMEM; GIBCO BRL Life Technologies, Gaithersburg, Md.)-10% fetal calf serum with 5% CO 2 , at 37°C. To reverse the DNA methylation, cells were grown in DMEM containing 5 M 5-azacytidine (5-aza-C) (Sigma Chemical Co., St. Louis, Mo.) for 72 h (26) and then subjected to titer assay, vector RNA slot blotting, and DNA methylation analysis.
Retroviral infection. Vector titers were determined by the transduction of NIH 3T3 tk(Ϫ) cells (American Type Culture Collection [ATCC] CRL1658), A375 cells (ATCC CRL1619; human melanoma), and IGROV cells (human ovarian carcinoma [57] ) with 10-fold serial dilutions of vector stocks. Transduction was performed in 1 ml of DMEM by incubating 10 5 cells/well in six-well plates with vector in the presence of 10 g of protamine sulfate (Fujisawa USA Inc., Deerfield, Ill.) per ml. After transduction for 24 h, the cells were selected in medium containing G418 (1 mg/ml) for 10 to 14 days. Titers were obtained by multiplying the number of resistant colonies by the dilution factor.
To perform the superinfection assays on each subclone of LTKOSN.2 VPC, a LEIN retroviral vector carrying an enhanced green fluorescent protein (EGFP) (6, 10) reporter gene was used to transduce LTKOSN.2 VPC subclones. The LEIN vector is an LXSN vector with an internal ribosomal entry site (IRES) (19) replacing the simian virus 40 (SV40) promoter. The EGFP gene was inserted in front of the IRES to demonstrate transduction efficiency in target cells. Cells from NIH 3T3, PA317, parental LTKOSN.2 VPC, and LTKOSN.2 VPC subclones were seeded at 5 ϫ 10 5 cells per well on 12-well plates and exposed to 0.5 ml of supernatant of LEIN vector (3.4 ϫ 10 5 CFU/ml) in the presence of 10 g of protamine sulfate per ml 24 h after seeding. Two days after a single exposure to LEIN vector, the transduction efficiency of these cell lines and VPC subclones was determined by a fluorescence-activated cell sorter (FACS) analysis of EGFP expression (39) on an EPICS Profile II Analyzer (Coulter Co., Miami, Fla.).
Southern blot analysis of genomic DNA. Total cellular DNA was extracted from cell cultures using phenol-chloroform extraction and then dissolved in Tris-EDTA buffer (pH 8.0) overnight at 55°C (51) . Genomic DNA was digested by KpnI to release nearly full-length LTKOSN (4.0-kb) and ⌬LTKOSN (2.5-kb) fragments ( Fig. 1 ) and then Southern blotted for Neo r probe detection of the copy number of integrated vectors. A 0.68-kb BstXI fragment of pPAM3 was used as a probe to detect a 2.5-kb DNA fragment of endogenous retroviral elements to demonstrate similar loading of DNA samples. To analyze for multiple integration sites in each subclone, BamHI was used to generate DNA fragments containing both proviral vector sequences and flanking chromosomal sequences. Southern blot analysis was performed, and membrane duplicates were hybridized with Neo r and HSVtk probes (Fig. 2 ). RNA analysis of LTKOSN VPC and vector supernatants. Total cellular RNA was isolated from individual subclones using the RNAeasy kit (Qiagen, Inc., Valencia, Calif.). Viral supernatants were subjected to 20% sucrose gradient ultracentrifugation (125,000 ϫ g) for 2 h at 4°C, and virion pellets were then extracted for RNA with RNAzol (Biotecx, Houston, Tex.). Cellular and virion RNAs from each subclone were subjected to Northern blot analysis on a 1% agarose-0.4 M formaldehyde gel. Vector transcripts were detected by a Neo r probe, and helper viral transcripts were detected by a 1.4-kb env probe, which was digested from pPAM3 by XhoI. RNA slot blotting for titer determination (40) was performed by applying 200 l of supernatant, directly collected from VPC medium and centrifuged at 2,800 ϫ g to eliminate the cellular debris, onto a slot blot apparatus (SlotBlot; Hoefer Scientific Instruments, San Francisco, Calif.). Vector RNA was UV cross-linked onto this membrane and detected by a Neo r probe. Methylation analysis. The methylation status of provirus and vectors at the SmaI site in the 5Ј LTR was determined by digestion of genomic DNA with DraI and EcoRV to reduce the DNA fragment size. The DNA was then precipitated with ethanol, redissolved in sterile water, and divided into two equal portions, one of which was subjected to methylation-sensitive SmaI restriction endonuclease digestion for Southern blotting analysis. The Southern blot membrane was hybridized with a 428-bp fragment of gag sequence (PvuII/DraI) from pPAM3 to detect helper virus, a 273-bp EcoRI/EcoRV fragment of HSVtk sequence for LTKOSN vector, and a Neo r probe to detect both LTKOSN and ⌬LTKOSN. This Southern blot was also probed with an env probe to determine the methylation status of the SmaI site in the helper virus RT region. DNAs derived from NIH 3T3 and PG13 (ATCC CRL 10686), a packaging cell line for gibbon ape leukemia virus (GaLV) pseudotyped vector (34) , were used as negative controls. A 0.68-kb BstXI fragment of pPAM3 was used as a probe to detect a 1.2-kb DNA fragment of endogenous retroviral sequences to demonstrate similar loading of DNA samples. Densitometric analyses were performed with a Hoefer Densitometer GS300 (Hoefer Scientific Instruments) to measure the densities of SmaIsensitive bands relative to those of DraI/EcoRV bands. Due to the interference from endogenous retroviral elements, the fraction of SmaI methylation in 5Ј LTR was calculated as 1 minus the intensity ratio of the SmaI-sensitive band (1.5 kb) divided by that of the DraI/EcoRV band (1.8 kb).
RESULTS
Dynamics of proviral DNA integration. We have previously detected an HSVtk deletion mutant vector (⌬LTKOSN) coexisting with full-length LTKOSN vector (Fig. 1A ) in our LTKOSN.2 VPC population (62) . To investigate whether these ⌬LTKOSN and LTKOSN vectors coexisted within the same individual cellular genome or existed separately in portions of the LTKOSN.2 VPC population, limiting dilution cloning on LTKOSN.2 VPC was performed to isolate six single-cell subclones (1 to 5 and 10). After expansion of the subclones, each clone was then analyzed for integrated vectors by KpnI digestion on both LTR regions to release the integrated proviral vectors of ⌬LTKOSN (2.5 kb [Fig. 1A] ) and LTKOSN (4.0 kb [ Fig. 1A] ). Southern blot analysis demonstrated that ⌬LTKOSN and LTKOSN coexisted in the same individual cellular genome, since both vectors were detected in all six subclones (Fig. 1B) . Varying copy numbers of ⌬LTKOSN and LTKOSN were observed in subclones 2, 3, and 5 by comparing the intensities of detected signals of both vectors. In contrast, only one single copy each of ⌬LTKOSN and LTKOSN vector was detected in parental LTKOSN.2 VPC and subclones 1, 4, and 10. To estimate the copy numbers of integrated vectors, genomic DNA from each subclone was subjected to BamHI digestion and Southern blot analysis for the integration sites of both ⌬LTKOSN and LTKOSN (Fig. 2) . The BamHI site is unique in the LTKOSN sequence, and restriction digestion yields two fragments of the LTKOSN vector with adjacent chromosomal sequences. Since the BamHI site was deleted with the HSVtk gene in ⌬LTKOSN vector, only one genomic DNA fragment of integrated ⌬LTKOSN vector with flanking chromosomal sequences is observed after BamHI digestion (Fig. 2B) . The copy number of ⌬LTKOSN was approximately six copies per cell in subclone 3 and eight copies per cell in subclone 2, while only one copy of LTKOSN exists per cell in these two subclones. An increased copy number of LTKOSN was observed only in subclone 5, which showed approximately 9 copies of LTKOSN and approximately 20 copies of ⌬LTKOSN per cell. Therefore, significant changes in the vector copy numbers have occurred between the parental VPC and its subclones.
Deletion of proviral integration site. In subclone 5, a possible deletion of an integration site of LTKOSN vector was observed ( Fig. 2A) . A 2.2-kb fragment (arrow) containing the 3Ј portion of proviral LTKOSN fragment with adjacent chromosomal sequences was detected by the Neo r DNA probe on parental LTKOSN.2 VPC and all of the subclones except subclone 5 ( Fig. 2A, lane 7) . A 4.5-kb fragment containing the entire ⌬LTKOSN vector with adjacent cellular sequences on both ends was detected by the same Neo r DNA probe on all of the subclones and parental LTKOSN.2 VPC. In addition to the 4.5-and 2.2-kb bands detected in subclones 2 and 3, other bands that are larger than 2.2 kb should be ⌬LTKOSN vector, since only one integration site of LTKOSN (3.7 kb) was detected by the HSVtk probe on the same membrane in subclones 2 and 3. This 3.7-kb fragment (arrow) containing the 5Ј portion of LTKOSN with adjacent chromosomal sequences was detected in the LTKOSN.2 VPC and all subclones except subclone 5 ( Fig. 2A, lane 7) . Taken together, the original LTKOSN vector integration site, present in the parental LTKOSN.2 VPC and the other subclones, appears absent in subclone 5 ( Fig. 2A, lane 7) . Since subclone 5 still contains the same integration site (4.5-kb band) of ⌬LTKOSN as seen in parental LTKOSN.2 VPC and the other subclones, subclone 5 is a true subclone derived from parental LTKOSN.2 VPC. We also suspect that subclone 5 may be derived from subclones 2 and 3, since subclone 5 has an integration pattern of ⌬LTKOSN very similar to those of subclones 2 and 3.
Gene expression and packaging of ⌬LTKOSN and LTKOSN. After Northern blot analysis of RNA transcripts from subclones 1, 3, 4, 5, and 10 (subclone 2 was lost to contamination), the results revealed that the RNA transcript ratio of ⌬LT-KOSN to LTKOSN in all of the subclones was approximately 2:1 or greater (Fig. 3A) . This ratio was observed in subclones 1, 4, and 10, which contain only one copy each of ⌬LTKOSN and LTKOSN vector. This could result from differences in the integration sites or the smaller size of ⌬LTKOSN. Previous reports demonstrated that the internal SV40 promoter, present in LTKOSN but deleted from ⌬LTKOSN, can interfere with transcription from the 5Ј LTR (48). Subclone 5, which contains the highest copy number of both ⌬LTKOSN and LTKOSN vectors, showed more abundant vector transcripts than the other subclones. Unexpectedly, these abundant vector transcripts in subclones 1, 3, and 5 were not packaged into virions (Fig. 3B) .
Transcriptional inactivation of helper virus. To determine the mechanism for the observed reduction of vector production in subclones 1, 3, and 5, Northern blots of subclones were probed with amphotropic env DNA to evaluate the level of helper virus gene expression (Fig. 3) . Spliced env transcripts were detected in all subclones, but significant levels of fulllength helper virus transcripts were observed only in subclones 4 and 10 ( Fig. 3A) , which were previously shown to produce virions containing ⌬LTKOSN and LTKOSN vectors (Fig. 3B) . It has been reported that spliced RNA (e.g., env transcript) is more stable than precursor RNA (e.g., full-length helper virus) as a result of increased polyadenylation efficiency on RNA 3Ј processing (13) . Therefore, the overall low-level gene expression of helper virus and faster degradation of full-length helper virus transcripts may explain why only env transcripts were observed in subclones 1, 3, and 5, not full-length helper virus (Fig. 3A) . These results demonstrated that the reduction of packaged ⌬LTKOSN and LTKOSN vectors in subclones 1, 3, and 5 correlated closely with low levels of helper virus gene expression. (12, 22, 24) and in vivo (3). The methylation of CpG sequence(s) within an SmaI site by mammalian methyltransferase will prevent SmaI digestion (49) . The methylation status of the SmaI site in the 5Ј LTR has been employed to demonstrate an inverse correlation with the gene expression levels of retroviral vector (3). Therefore, the same analysis was performed to detect helper virus DNA methylation (Fig. 5 ) compared to helper virus gene expression in VPC subclones (Fig. 3A) .
Genomic DNA was first digested with EcoRV and DraI to generate a DNA fragment convenient for Southern blot analysis. An equal portion of this EcoRV/DraI-digested DNA was subjected to SmaI digestion. Since the gag region is not present in the retroviral vector, a 428-bp gag probe hybridizes only to the helper virus DNA (Fig. 5A and E) . All of the subclones and parental VPC showed a 1.8-kb EcoRV/DraI band (lanes 11 to 18), which was reduced to a 1.5-kb band upon SmaI digestion if no methylation occurred at the SmaI site. This 1.5-kb band was not detected in either NIH 3T3 cells or subclone 5 (Fig.  5A, lanes 1 and 7) but was observed in all other samples. NIH 3T3 cells were used to show the presence of endogenous retroviral elements that hybridized with the gag probe (Fig. 5A,  lanes 1 and 10) . After SmaI digestion of NIH 3T3-derived DNA, a band of approximately 1.8 kb was generated from endogenous retroviral elements, complicating our analysis (Fig. 5A, lane 1) . Therefore, the methylation status of the SmaI site was evaluated by the relative intensities of the observed 1.5-kb bands from SmaI/EcoRV/DraI digestions (lanes 2 to 9) compared to 1.8-kb bands from EcoRV/DraI digestions (lanes 11 to 18), which do not overlap in size with endogenous sequences (Fig. 5A, lane 10) . Although 40% of helper virus 5Ј LTR in PA317 is methylated (Fig. 5A, lane 2) , complete digestion by SmaI shows the apparent absence of methylation of the helper virus 5Ј LTR in parental LTKOSN.2 VPC (Fig. 5A,  lane 3) . This suggests that the prior selection of LTKOSN.2 VPC, a clone that was chosen for its high titer compared to those of the other VPC clones, is likely the result of both high-level expression of vector and low methylation of helper virus. A high degree (60%) of helper virus methylation is also found in the 5Ј LTR of PG13, a GaLV pseudotyped VPC (Fig.  5A, lanes 9 and 18) . This indicates that the methylation of helper virus 5Ј LTR in PA317 is not a single packaging cell line phenomenon. In contrast to the low level of helper virus methylation in parental LTKOSN.2 VPC, higher degrees of helper virus DNA methylation were observed in the subclones (Fig.  5A ). This high level of methylation was inversely proportional to the helper virus gene expression (Fig. 3A) and subsequently to the packaged vector titer (Fig. 3A and Table 1 ). Subclone 5 has an absence of the 1.5-kb band, which indicates that the The methylation status of the SmaI site in the RT region of the helper virus was evaluated by the rehybridization of this Southern blot with a 1.4-kb env probe (Fig. 5B) . In subclones 1, 3, and 5, which had highly methylated helper viral 5Ј LTR, the methylation level of SmaI in the RT region ranged from 46 to 100%. In contrast, only 3 to 10% methylation was observed in parental LTKOSN.2 VPC and subclones 4 and 10. Thus, a strong correlation exists between the observed methylation of the SmaI site in 5Ј LTR and within the RT gene ( Fig. 5A and  B) . In addition to the 4.6-kb band in the DNA samples without SmaI digestion (lanes 10 to 18), three additional bands were observed in parental LTKOSN.2 VPC and all VPC subclones (lanes 2 to 8 and 10 to 17) but not in NIH 3T3 and PG13 (lanes 1 and 10 and lanes 9 and 18). These results demonstrate that the env probe is specific for the env sequence of helper virus pPAM3 and does not detect GaLV env or Moloney murine FIG. 5 . DNA methylation status of helper virus and vectors. Genomic DNA digested with DraI and EcoRV was divided into two equal portions for SmaI digestion (lanes 1 to 9) or without SmaI digestion (lanes 10 to 18). (A) Hybridization of gag DNA probe to detect helper virus 5Ј LTR. SmaI digestion reduced the 1.8-kb band (lanes 11 to 18) to 1.5 kb (lanes 2 to 9). DNA from NIH 3T3 cells was used to demonstrate the presence of endogenous retroviral elements (lanes 1 and 10). Since a 1.8-kb band was generated from endogenous retroviral element after SmaI digestion (lane 1), the values for SmaI resistance were measured by densitometry and calculated as 1 minus the relative intensities of the 1.5-kb bands (SmaI digestion; lanes 1 to 9) and the 1. leukemia virus (MoMLV) gag-pol from PG13 cells. Furthermore, at least four copies of env sequence are present in the PA317 genome. These multiple copies of helper virus env sequence were confirmed by Southern blot analysis of PA317 genomic DNA with different methylation-insensitive restriction endonuclease digestions (data not shown). In contrast, hybridization with probes for either the HSVtk (Fig. 5C ) or Neo r (Fig. 5D ) gene reveals no significant methylation within either LTKOSN or ⌬LTKOSN vectors. Extremely low methylation of the 5Ј LTR of LTKOSN and ⌬LTKOSN vectors was observed only in subclone 5 (Fig. 5D, lane 7) , which showed 100% methylation of the SmaI sites in both the helper virus 5Ј LTR and RT region (Fig. 5A and B, lane 7) .
Parental LTKOSN.2 VPC do not show significant methylation of either helper virus or vectors. However, the subclones derived from LTKOSN.2 VPC show various methylation levels of the helper virus but not of their retroviral vectors. These results suggest a sequential time line of methylation that developed within the helper virus DNA in these five subclones. These data also support our previously theorized cell lineage relationship, based upon the similarity of vector integration patterns observed in Fig. 2A .
Reversal of DNA methylation. To reactivate silenced helper viruses, subclones were treated with 5-aza-C, a cytidine analog that can inhibit DNA methylase and reverse methylation to restore gene expression (8, 21, 23, 26) . After coculture with 5-aza-C for 72 h, the rescue of vector RNA from these VPC subclones was demonstrated by RNA slot blot analysis of supernatants (Fig. 6 ). Partial recovery of vector production was also demonstrated by titer assay (Table 1 ) along with the partial reversal of DNA methylation by 5-aza-C treatment (Fig. 7) . The titers of subclones 1, 3, and 5 were increased by 2 orders of magnitude from Յ10 CFU/ml to up to 6 ϫ 10 2 CFU/ml. No significant change was observed in subclones 4 and 10, which exhibited high vector production and less helper virus methylation before 5-aza-C treatment. The most significant reduction of SmaI resistance was observed in subclone 5, in which the methylation of the 5Ј LTR and RT regions was reduced from 100 to about 45% on a Southern blot (Fig. 7) . In this model system, the methylation of helper virus is responsible for the reduction of vector production.
DNA methylation rate of helper virus 5 LTR. To study the DNA methylation rate of helper virus 5Ј LTR, we examined the DNA methylation of subclone 4, which showed the least DNA methylation with the most highly activated gene expression among these subclones. During 31 days of continuous cell culture, DNA methylation of helper virus 5Ј LTR in subclone 4 increased rapidly from 36 to 100% (Fig. 8A) . The methylation rate of the SmaI site in helper virus 5Ј LTR was calculated to be as high as 2% of the cell population per day. The copy numbers of vector were increased from one copy (parental LTKOSN.2 VPC and subclone 4 on day 0) to five copies (day 7) and subsequently to 9 copies (days 23 and 31) per cell ( Fig. 8B and C) . The titer of subclone 4 was reduced from 1.5 ϫ 10 5 CFU/ml (day 0) to 7 ϫ 10 4 CFU/ml (day 7) and then to undetectable levels by days 23 and 31. The reduction in (Fig. 9A) . However, vector gene expression still remained at high levels (Fig. 9B) . Only minimal DNA methylation (10%) of 5Ј LTR was observed in LTKOSN vector (Fig. 8B) , and no detectable DNA methylation was noted in the ⌬LTKOSN vector (Fig. 8C) .
DISCUSSION
The genetic stability of retroviral vectors and a VPC genome was examined in LTKOSN.2 VPC and derived subclones. We also compared the methylation status of helper virus and vectors in these individual subclones. Our results demonstrate that DNA methylation occurred in helper viral sequences rather than vector in subclones derived from LTKOSN.2 VPC (Fig.  5) . The increase in methylation of the helper virus ( Fig. 5 and  8 ) correlated directly with the inactivation of helper virus gene expression ( Fig. 3 and 9) , which resulted in a loss of vector production. In contrast, vector gene expression was constant, and no significant methylation of vector sequences was detected. We conclude that the key limitation for vector production in LTKOSN.2 VPC is the inactivation of helper virus gene expression by DNA methylation. This conclusion was supported by the partial restoration of vector production (Table 1) and the reversal of DNA methylation (Fig. 7) from VPC subclones treated with 5-aza-C. In previous studies, de novo DNA methylation has been suggested to cause transcriptional inactivation of retroviral vectors in infected embryonic cells (3, 12, 22) . DNA methylation had not been a focus of investigation with regard to the genetic instability of retroviral VPC that are designed for continuous vector production. A cascade of complex events resulting in the genetic instability of VPC caused by the methylation of helper virus 5Ј LTR is summarized in Fig.  10 . We propose that the cascade occurs in the following sequence: (i) repression of helper virus 5Ј LTR transcriptional activity by methylation reduces the production of vector, (ii) decreased Env protein synthesis reduces Env-receptor interference and allows vector superinfection to cause increased vector copy number in VPC, and (iii) random integration of vectors caused by superinfection results in a more fluid VPC cellular genome.
The preference for methylation of the helper virus rather than the retroviral vectors is not clear and requires further study. However, chromosomal location has been suggested as a key factor for facilitating methylation (12, 20) . In PA317, four copies of env sequences of pPAM3 helper virus were observed (Fig. 5B) . Restriction analysis of these helper virus sequences demonstrated that the sequences are located at different chromosomal sites (data not shown). The probability that all four copies of helper virus sequences are located within a hypermethylation region of PA317 seems remote. No significant methylation of vectors was observed in subclones 3 and 5, even though these subclones contain multiple copies of vectors in different integration sites. About 100 copies of integrated MoMLV provirus have been observed in infected murine embryonic carcinoma cells, and these proviruses were hypermethylated with no significant gene expression (55) . Presumably, these 100 copies of provirus were not all located in hypermethylation regions. Therefore, the preference of methylation for helper virus is probably related to both helper virus sequence and chromosomal location. The idea that sequence has an important role is also suggested by the findings that the presence of retrotransposon and provirus sequences enhances the de novo DNA methylation of adjacent sequences (11, 16) . Most recently, evidence that DNA methylation acts as a defense system against retrotransposons invading the mammalian genome has been shown elsewhere (44) . Infection of retrovirus, such as human immunodeficiency virus, increased the overall DNA methyltransferase gene expression and activity, which resulted in suppression of cytokine gene expression for evading immune surveillance (30) . The spreading of de novo methylation from a provirus into adjacent cellular sequences was observed in either the 5Ј or 3Ј region of the integration site in Mov-derived mice carrying a MoMLV provirus in a distinct chromosomal location (16) . In the pPAM3 LTR, the methylation observed could be the result of spreading of methylation from adjacent gag sequences, since the LTR in either LTKOSN or ⌬LTKOSN vector did not demonstrate any significant methylation. However, we have not excluded a role of chromosomal position and preferred DNA methylation (12) . These subclones of VPC may provide a useful model to study DNA methylation preferences that are key in host-retrovirus interactions (11, 17, 18, 30, 44) .
Alternatively, G418 selection of VPC could have eliminated VPC cells with methylated vectors. After the establishment of LTKOSN.2 VPC, VPC were not maintained on G418 selection. Other LTKOSN parental lines require only a single copy of the Neo r gene for G418 resistance. Subclones 3 and 5 contained multiple copies of LTKOSN and ⌬LTKOSN. Even if partial methylation of the vector, as noted for the helper virus, had occurred, adequate Neo r gene expression would nevertheless provide G418 resistance. However, almost no methylation was observed in either LTKOSN or ⌬LTKOSN. An extremely low degree of methylation was observed only in subclone 5, which contained approximately 29 copies of integrated vectors. This could be attributed to the random integration of some vectors into hypermethylation regions of the cellular genome. In contrast to the moderate degree of methylation (40%) of the helper virus 5Ј LTR in PA317, the helper virus in parental LTKOSN.2 VPC did not show significant methylation of SmaI sites in the 5Ј LTR. This demonstrates that a diverse range of methylation statuses exists within PA317 cells and that the selection of the highest-titer LTKOSN VPC (LTKOSN. It has been well documented that Env-receptor interference is important to reducing the risk of superinfection (31, 33, 54, 60) . Recent data demonstrated that at least four copies of retrovirus per cell are required for sufficient Env protein synthesis to interfere with the cellular receptor (42) . Superinfection experiments on these LTKOSN.2 subclones (Fig. 4) demonstrated that DNA methylation (Fig. 5) and helper virus mRNA level (Fig. 3 ) are highly correlated with the reduction of Env-receptor interference. The reduction of env gene expression by DNA methylation would logically result in the reentry of multiple vectors into subclones 3 and 5. Subclone 1 may represent a transitional state between the parental LTKOSN.2 and subclone 3, since only one copy of each LTKOSN and ⌬LTKOSN vector is present while helper virus gene expression is low.
DNA methylation in subclones 4 and 10 (38 and 50%, respectively) and PA317 (40%) is significantly higher than that in parental LTKOSN.2 cells (0%). However, the resistance to superinfection in subclones 4, 10, and PA317 is still comparable to that observed in parental LTKOSN.2 cells (Fig. 4) . A significant increase in superinfection was observed in subclones only when at least 60% methylation of the helper virus 5Ј LTR occurred. This suggests a possible threshold effect. It has been demonstrated that the amount of Env product per cell, the interference, and virion release did not increase linearly but increased abruptly once an infected cell reached the threshold of proviral copy number which correlated with mRNA level (42) . This is due to the fact that oligomerization of Env protein is essential for functional virus assembly and interference (2, 14, 42) . Since the concentration of Env protein determines the kinetics of oligomerization, reduction of helper virus mRNA level by DNA methylation resulted in low Env protein concentration and oligomerization and, therefore, significantly decreased the interference and virion release. Compared to the previously reported high level of resistance to the superinfection of PA317, which was transduced with the vector collected from another PA317 VPC (33), the apparent reentry frequency of vectors in LTKOSN.2 VPC is relatively high (50% of population, three out of six subclones [ Fig. 1]) . This superinfection was enhanced by both the DNA methylation of helper virus and the presence of extensive vector exposure in cell culture. It has also been observed that human immunodeficiency virus provirus was accumulated in infected cells to multiple copies by superinfection of 70% of cells in the culture over time (45) .
Amphotropic murine leukemia virus vectors are used widely for human gene transfer. However, most amphotropic murine leukemia virus VPC are derived from murine cells and are susceptible to vector reentry. The consequence of vector reentry is the import of active RT enzyme which may lead to RCR formation and the random integration of additional vectors that can interrupt functional genes or activate proto-oncogenes (9, 15, 25, 52) . Our results imply that DNA methylation decreases the Env-receptor interference, which results in vector reintegration and subsequent further instability of the VPC genome. Recently, progress in this direction has been made: PG13 VPC were established using NIH 3T3 cells for packaging xenotropic GaLV-pseudotyped vector. GaLV packaged vector will not reinfect PG13 cells that lack the receptor for GaLV envelope (34, 61) . PG13 VPC may diminish the vector reentry problem; however, helper virus gene expression in PG13 is still not monitored and selected by a selection marker. Our data with PG13 show significant DNA methylation (60%) of helper virus 5Ј LTR (Fig. 5A, lanes 9 and 18) . The observations in this study strongly suggest that improvement of the helper virus gene expression in overcoming DNA methylation in VPC is important for sustained, stable vector production. Treatment with 5-aza-C of LTKOSN.2 subclones did not completely restore the titer (Table 1 ). The effect of 5-aza-C treatment is transient (8) , and the treatment cannot be applied to long-term cell culture since 5-aza-C is toxic to the treated cells (21) . Several alternative strategies that ensure sustained vector gene expression in target cells might improve the gene expression of helper virus in VPC. Insertion of a demethylation fragment of the murine Thy-1 gene in front of 5Ј LTR can inhibit methylation (4, 56) and may be useful for helper virus. Another strategy is to ligate an IRES (19) with a selection marker gene downstream of the helper virus so that drug selection would ensure active enhancer-promoter function of helper virus for high vector packaging and preventing superinfection by enhancing Env-receptor interference (W.-B. Young and C. J. Link, Jr., submitted for publication).
